are held onto the column and the complex matrix of real samples is washed into a waste system. Subsequently, elution of the analyte is carried out and fed to a suitable detector which includes atomic and molecular spectrometric detectors. The analytical techniques adopted in conjunction with flowinjection on-line preconcentration are atomic absorption spectrometry (AAS) [flame and graphite furnace] inductively coupled plasma (ICP)-atomic emission spectrometry (AES), ICP-mass spectrometry (ICP-MS), anodic stripping voltammetry (ASV), amperometry, UV-visible spectrometry, fluorimetry and chemiluminescence detection.
2·1 FIA-FAAS 2·1·1 Preconcentration by the formation of metal-quinoline-8-ol complexes
Since the introduction of FIA by Ruzicka and Hansen, 17 it has become an analytical technique for on-line sample handling. A number of separation and preconcentration techniques with FIA were later introduced. However, most of the work was performed using a single-phase system until 1978 when Karlberg and Thelander 21 and Bergman et al. 22 successfully introduced the use of a solvent-extraction technique with a flow-injection system. Memon et al. have described FI-solvent extraction and AAS procedures for the determination of copper based on the extraction of its 5,7-dibromo-quinoline-8-ol complexes into xylene 23 and toluene:xylene (1:4). 24 Preconcentration factors of 11 and 16 were achieved with a sampling frequency of 80/h and 180/h, respectively. These procedures were successfully applied to determine copper in tap-water samples.
Molybdenum at the ppb level was determined by using FIA-AAS with a nitrous oxide-acetylene flame by the sorption of its quinoline-8-ol complex in the 2 -4 pH range onto C18 bonded silica gel and elution with ammoniacal methanol (pH 9). 8 The preconcentration factor was of the order 10 2 with a detection limit of 5 ppb. The throughput of the samples was found to be 30/h with a loading time of 1 min. The developed procedure has been applied to seawater samples.
The sorbent extraction preconcentration of As(III) and As(V) in the presence of quinoline-8-ol-5-sulfonic acid onto activated alumina resulted in 12 and 10-fold enhancements in the sensitivity during a hydride generation FIA-AAS determination. 9 The retention efficiency was found to be better than 98% with a sample throughput of 60/h. The developed method has been successfully applied to seawater samples.
Tony et al. 10 have described an FIA-flame AAS ( Fig. 1 ) procedure for the multielement analysis of Fe, Co, Ni, Mn and Zn in seawater samples in the presence of 5,7-dichloroquinoline-8-ol as a chelating agent, and subsequent sorption on C18-bonded silica gel. The retention efficiency was better than 98%, resulting in sensitivity enhancement factors of 60, 80, 80, 80 and 60 for a 1 min preconcentration time. The respective detection limits were 4.0, 1.0, 1.0, 0.5 and 0.5 ppb. 2·1·2 Preconcentration using quinoline-8-ol functionalized materials Kuban et al. 25 have set up an FIA-FAAS apparatus containing six channel sorption equipment with 5 microcolumns packed with spheron oxin 1000 and Ostorb oxin. Copper concentrations of up to 100 and 150 mg/l were determined with the above-mentioned chelating sorbents. The enrichment factor was on an order 10 2 and the calibration graph was linear up to a sample injection time of 5 min.
An FIA-flame AAS procedure was developed for the preconcentration of Al, Ga and In by preconcentration on quinoline-8-ol immobilized controlled pore glass from malonate buffered solutions. The collected analyte was eluted from the column with a mixture of 1 M HCl + 1 M HNO3. For a collection time of 3 min at a flow rate of 6 ml/min, the detection limit for all three elements was approximately 3 ng/ml with enrichment factors between 70 and 80. The developed procedure has been applied to the analysis of natural water samples. 26 Quinoline-8-ol immobilized on controlled pore glass 27 (Scheme 1) was used for the preconcentrative separation of Cu, Co, Cd, Ni, Pb and Zn from a complex matrix at pH 6.5 with a sampling time of 25 min. A 500-fold enrichment was achieved from 100 ml of solution. The method was compared with the GF-AAS technique for the determination of copper in tap water. Howard et al. have employed quinoline-8-ol immobilized on controlled pore glass for use in a flow-injection system for the separation of Cd, Pb and Cu from synthetic seawater, Co and Ni matrices as well as CRM seawater and a determination by flame AAS. 28 This material allowed a quantitative recovery of 50 mg/l of Cd and Pb in synthetic seawater. However, low recoveries on the order of 2 -4% and 40 -50% were observed for the separation of 50 mg/l of Cd and Pb, respectively, from a 10000-fold excess of Co and Ni.
Purohit and Devi 29 have synthesized chelating ion-exchange resins from quinoline-8-ol with furfuraldehyde, formaldehyde or benzaldehyde as crosslinking agents used for the preconcentration of lead in conjunction with FIA-AAS. The calibration graph is linear from 20 -200 ng/ml and ng amounts of lead can be separated from 400-fold amounts of copper and zinc.
The incorporation of chelating groups into polymers or other materials provides stronger metal-ion bonding than conventional ion-exchangers, and in some instances more selective metal-ion pick-up can also be achieved. Such chelating materials have attracted particular interest due to their ability to preconcentrate metal ions from very dilute solutions, thus allowing the detection limits to be greatly improved. Various supports have been used for the chelating groups, such as styrene-di-vinylbenzene copolymers, cellulose, silica gel and Sepharose. 30 Murakami et al. 31 have described a suction flow-injection online preconcentration system with a quinoline-8-ol loaded active carbon column for the determination of as low as 4 ng/ml of copper. The coefficient of variation (n = 5) was 2% for 0.1 518 ANALYTICAL SCIENCES MAY 2002, VOL. 18 µg/ml of copper.
2·2 FIA-GFAAS 2·2·1 Preconcentration using quinoline-8-ol functionalized materials A flow system utilizing a miniature column packed with silica immobilized quinoline-8-ol was used for the preconcentration of Cd, Pb, Zn, Cu, Fe, Mn, Ni and Co from seawater prior to their determination by GFAAS. 32 The recoveries from open seawater were in the range of 87 -97%, and the detection limits were sufficient to determine these elements after preconcentration from 50 -100 ml of the sample.
A flow-injection on-line sorption preconcentration in a Knotted reactor coupled to ETAAS was used for the preconcentration of copper, manganese and nickel and eluted with quinoline-8-ol in pH-buffered solutions. 33 The linear response ranges and detection limits for Cu, Ni and Mn were 0.05 -0.5, 0.05 -0.5 and 0.1 -1 µg/l and 6, 8 and 29 ng/ml, respectively.
2·3 FIA-ICPAES 2·3·1 Preconcentration by the formation of metal-quinoline-
8-ol complexes Five methods of aluminium fractionation which include quinoline-8-ol were compared. It was found that quinoline-8-ol is "quickly reacting" method (2.3 s) 34 using the FIA-ICPAES method. Among the types of cation exchangers, Amberlite (Na/H) resin was found to be better than Bond Elut (H) resin. This procedure was applied to the speciative determination of Al in soil solutions and surface-water samples.
Moyano et al. 35 have described an FIA-ICPAES procedure based on the on-line preconcentration of bismuth in the presence of quinoline-8-ol and Amberlite XAD-7 at pH 5. The bismuth complex was removed from a microcolumn with nitric acid. The detection limit and R.S.D. were calculated to be 0.03 ng/ml and 2.5%, respectively. The developed method was successfully applied to the determination of bismuth in human urine samples.
An FIA-ICPAES procedure was developed for the determination of lanthanum (La) in urine samples based on online preconcentration in the presence of quinoline-8-ol and Amberlite XAD-7 from pH 0.5 solutions. 36 The detection limits for the preconcentration of 100 ml of aqueous solution and R.S.D. were found to be 0.09 ng/ml and 1.5%, respectively.
Quinoline-8-ol complexes of fast reactive aluminum fractions were preconcentrated on an Amberlite XAD column and determined by ICP-AES. 37 An 18 fold preconcentration was achieved with a detection limit of 2 µg/l. 2·3·2 Preconcentration using quinoline-8-ol functionalized materials Peng et al. 38 have described an FIA-ICPAES procedure in which Al, Cu, Cd, Fe and Mn could be preconcentrated on quinoline-8-ol-5-sulfonic acid immobilized on a substrate of active carbon-silica gel packed in a 40 mm × 3.0 mm microcolumn. The efficiency of desolvation improvement in the sensitivity and the signal stability over temperature range of 70 -120˚C were studied in detail. The column could be used more than 100 times. The detection limits for the above analytes were in the range 0.34 to 5.1 ng/ml, and the relative standard deviations for n = 6 were in the range of 2.6 -4.3%. The reliability of the method was confirmed by an analysis of human serum, the results of which were in good agreement with those given by GFAAS.
The suction flow on-line column ( Fig. 2 ) preconcentration of cadmium from aqueous solution for ICP-AES was investigated by Okamoto et al. 39 utilizing a column packed with gaschromatographic-grade porous active carbon impregnated with quinoline-8-ol. Using a 5-ml of sample solution, this method gave a signal enhancement of 1 order of magnitude for cadmium compared to that of a conventional nebulization system with a detection limit of 0.25 ng/ml and a sampling rate of 35/h. The proposed method was applied to the determination of cadmium in certified biological reference materials.
Quinoline-8-ol immobilized on Amberlite XAD-7 40 was used to preconcentrate aluminium from pH 8.5 solutions using FIA coupled to ICPAES detection. The detection limit for the preconcentration of 100 ml of aqueous solution was calculated to be 0.23 ng/ml. The precision for 10 replicate determinations at an Al level of 5 ng/ml was 2.4% (RSD).
2·4 FIA-ICPMS 2·4·1 Preconcentration using quinoline-8-ol functionalized materials A flow-injection isotope-dilution ICP-MS with an on-line matrix analyte separation and preconcentration technique was used to determine as low as 0.014 ng/ml of zinc, using a miniature column packed with SO3-quinoline-8-ol carboxy methyl cellulose. 41 The precision for an isotope ratio determination was better than 1.7%. The developed method was successfully applied to the determination of trace levels of zinc in SLRS-2 riverine water, SLEW-2 estuarine water, NASS-3 open-ocean seawater and CASS-3 near-shore seawater reference samples.
The on-line preconcentration of Ti and V 42 as well as Cu, Cd, Pb, Mn, Co and Ni 43 Co and Ni they were at the pg/ml level. The above procedures were applied to the determination of these elements in a riverine water reference material (SLRS-2) and a near-shore seawater reference material (CASS-3).
Wen et al. 44 preconcentrated Cu, Cd, Pb, Mn, Bi, In, Co, Be and Ag from seawater on-line onto quinoline-8-ol immobilized on a polyacrylonitrile hollow-fiber membrane and determined by ICP-MS. An enrichment factor of ∼300 was obtained for the above-mentioned trace elements.
A rapid and simple on-line method is described for the preconcentration of Cu, Zn, Cd, Pb, Mn, Co and Ni 45 using quinoline-8-ol immobilized onto 0.2 m long silicone tubing at a flow rate of 1 ml/min. The detection limits of the developed FIA-ICPMS method were in the range of 0.003 -0.054 ng ml -1 .
Good agreement was obtained with certified values of the reference materials (NASS-4 and CASS-3).
2·4·2 Preconcentration by the formation of metal-quinoline-8-ol complexes A fast reactive aluminium fraction in water samples was determined using a flow-injection mini-column system in the presence of quinoline-8-ol in pH 5 acetate-buffered solutions. 46 Because ICP-AES is less sensitive, ICP-MS was used to determine as low as 1.8 µg/l of aluminium with an R.S.D. of 8% for 100 µg/l.
An FIA-ICPMS method was developed for Eu, Tb, Ho, Tm and Lu 47 which includes preconcentration using quinoline-8-ol and Amberlite XAD-7 at pH 10. The rare-earth elements were re-extracted from the microcolumn with nitric acid. The detection limits obtained for the preconcentration of 100 ml of aqueous solution of Eu, Tb, Ho, Tm and Lu were 0.016, 0.0023, 0.0017, 0.0035 and 0.0015 pg/ml, respectively, with an R.S.D. of 2%. The developed method was successfully applied to seawater samples.
2·5 FIA-ASV 2·5·1 Preconcentration using quinoline-8-ol functionalized materials Cu, Pb, Cd, Bi, In and Zn in seawater were determined by FIA-ASV preceded by immobilized quinolin-8-ol silica-gel preconcentration. 48 The feasibility and reliability of the developed procedures were confirmed by the analysis of a nearshore seawater sample and CASS-2 reference seawater. The relative standard deviation for the above analytes was found to be in the range of 2.5 to 6.9% for ten replicate determinations. The results of a triplicate analysis of near-shore seawater collected from Back Bay of Southern Taiwan were 1.12 ± 0.15, 0.49 ± 0.01, 0.015 ± 0.003 and 2.27 ± 0.18 mg/l for Cu, Pb, Cd and Zn, respectively.
An epoxy carbon powder composite-electrode bulk modified with quinoline-8-ol was fabricated for continuous-flow and flow-injection anodic differential-pulse voltammetric determinations of tin(II) after an open-circuit preconcentration. 49 With a 10 min accumulation time, the calibration plot was linear from 5 × 10 -9 to 1 × 10 -6 M with a detection limit of 0.055 ppb, corresponding to an SNR value of 3. The developed procedure was applied to the determination of tin(II) in human hair, canned fruit juice and spiked seawater samples.
2·6 FIA-amperometry
The initial fractionation of Al 50 was effected on a column of quinoline-8-ol derivatized fractogel (<2 s contact time), followed by the elution of Al with an NaOH solution and determination with amperometry by measuring the decrease in the oxidation current of 1,2-di-anthraquinone sulphonic acid in the presence of Al. This protocol achieved a better speciation determination and countered the interference of Fe(III) and Ca. The detection limit of this procedure was 120 nM. The procedure was applied to the determination of free Al in synthetic Al-ligand solutions and of the Al complexation capacity of a soil fulvic acid and humic water.
2·7 FIA-UV-visible spectrometry 2·7·1 Preconcentration using quinoline-8-ol functionalized materials Simpson et al. 51 have described an FIA-spectrophotometric method for the speciation of aluminium based on a reaction with quinolin-8-ol derivatized fractogel positioned in a 22 µl column reactor in an FI manifold. Al was preconcentrated on the column from a 650 µl of 0.02 M NaOH and detected spectrophotometrically as an Al-chromeazurol S complex at pH 4.0. The linear range for the "free Al" determination was 0.3 -16 mM and the detection limit was 70 µM with an RSD value of 7% for 0.5 µM of Al 3+ . The method was applied to the (i) determination of "free Al" in humic water samples and oil solutions and (ii) measurements of the capacity of natural water samples and solutions of isolated soil fulvic acid to bind Al (aluminium complexation capacity, Al-CC).
Powell 52 has compared a "stationary adsorbent" (quinoline-8-ol immobilized on a styrene/divinyl benzene copolymer) with conventional FIA (Fig. 3) for the determination of "reactive Al" in soil solutions. The linear range and detection limits were the same as that of Simpson et al. 51 However, an RSD of 3.7% was claimed during the determination of 2.0 µM of aluminium. Zirconium 53 at ng levels was determined by quinoline-8-ol based ion-exchange resins for on-line preconcentration in flowinjection UV-visible spectrophotometry using xylenol orange as a colorimetric reagent. The detection limit was found to be 10 ng/ml based on twice the standard deviation of blank signals. The RSD values for 5 different resins were in the range of 0.8 -2.65%.
2·7·2 Preconcentration by formation of metal-quinoline-8-ol
complexes A flow-injection spectrometric method for the determination of molybdenum(VI) was described based on the extraction of its quinoline-8-ol complex into chloroform. 54 The carrier stream was dilute sulfuric acid of pH ∼0.85. A linear calibration graph was obtained up to 10 µg/ml with a detection limit of 0.11 µg/ml. The developed method has been successfully applied to the determination of Mo in low alloy and mild steels.
An FIA-spectrophotometric procedure has been described to NO2 -and (NO2 -+ NO3 -) 55 56 This reaction has been utilized for postcolumn detection during an ion-chromatographic determination in highsalinity water samples and for the speciation of Al in blood serum after the separation of serum proteins by ion-exchange liquid chromatography. The calibration graph is linear up to 100 ng/ml and the precision is 2% at the 10 ng/ml level.
Compano et al. 57 have described an FIA-fluorometric procedure for zinc based on the fluorescence of its 5,7-dichloro-2-methyl-quinoline-8-ol chelate in a Brij-35 micellar medium. The detection limit is 3 µg/l and sample throughput is 180/h. The developed method has been successfully applied to tap water and pharmaceutical preparations viz. Collyria, Mouth wash and insulin.
A method employing a flow-injection module was developed for the ship-board determination of Al in seawater based on preconcentration onto a column of resin immobilized quinoline-8-ol. 58 The eluted Al reacts with lumogallion to form a chelate, which is detected by its fluorescence. The method has a detection limit of ∼0.15 nm and a precision of 1.7% at 2.4 nM.
The pH-dependent chelation and minimum background fluorescence of quinoline-8-ol-5-sulfonic acid was used for the determination of binary mixtures of zinc and cadmium. 59 A flow-injection system that provides a highly reproducible pH gradient ranging from 4 to 12 and back to 4 over a period of 90 s was used. A doublet fluorescence response was produced for both Zn and Cd. The distance between the two peaks of each doublet differed sufficiently so as to allow the resolution of binary mixtures of Zn and Cd. The detection limits were in the range of 0.05 µM with a concentration range of 0.1 µM to 10 µM for both Zn and Cd.
Quinoline-8-ol-5-sulfonic acid was used as a fluorometric reagent in the FIA mode for the determination of 10 µM-2 mM of magnesium 60 with a detection limit of 1 µM. The RSD was 0.4% for 0.2 mM magnesium. Traces of cadmium 61 in waste water are determined by FIA fluorometry by forming a complex with quinoline-8-ol-5 sulfonic acid in a flow stream. The calibration range is linear from 0 -5 µg ml -1 and the recovery and coefficient of variation are 95.2 -98.7% and 0.1%, respectively.
A micelle-mediated preconcentration coupled with a micellar FIA-spectrofluorometric procedure 62 was developed for the speciative determination of chromium using quinoline-8-ol. As low as 0.2 µg/l levels of Cr(III) and/or Cr(VI) were determined in various complex matrix samples, such as seawater and pharmaceuticals.
2·9 FIA-chemiluminescence 2·9·1 Preconcentration using quinoline-8-ol functionalized materials A flow-injection method for the determination of cobalt in seawater has been studied based on a combination of column preconcentration using quinoline-8-ol immobilized on silicagel, fluoride containing metal alkoxide glass and chemiluminescence detection with a gallic acid-H2O2 system. 63 The analysis time, including a 2-min sample loading-time, was 8-min per sample with a detection limit and RSD of 0.62 ng/l and 2.1%, respectively. The method was tested with standard reference seawater samples (NASS and CASS).
Quinoline-8-ol immobilized on fractogel 64 was used to preconcentrate picomolar levels of cobalt in seawater during FIA-chemiluminescence detection. The detection limit and RSD were 8 ppm and 5%, respectively. The method was tested and intercalibrated on samples collected off the California coast.
The chemiluminescence detection of copper, based on the formation of a complex between copper and 1,10-phenanthroline, and the subsequent emission of light during the oxidation of the complex by hydrogen peroxide, has been described. 65 This detection method was used in conjunction with an FI manifold, which separated copper from seawater matrix with a column of immobilized quinoline-8-ol. A detection limit of 0.4 nM of copper was obtained with a sample volume of as low as 4 ml, which required less than 8 min to analyze each sample.
A highly sensitive FIA-chemiluminescence procedure was developed for iron in seawater which incorporates preconcentration onto a column of resin-immobilized quinoline-8-ol. 66 The detection limit and RSD were found to be 0.025 nM and 2.5% at the 0.35 nM level. A simple and rapid FIA-chemiluminescence procedure was described for the fractionation of iron effected by the on-line preconcentration on quinoline-8-ol derivatized fractogel. 67 At an iron concentration of 10 µM, -13 and -9% interference was observed in the presence of copper and zinc, respectively. The ability of quinoline-8-ol derivatized fractorogel to complex Fe(II) and Fe(III) bound inorganic species was evaluated using both model ligands and fulvic acid. The developed protocol was used to follow the increase in the Fe(II) concentration that occur as a result of Fe(III) photoreduction in humic water samples.
Obata et al. 68 have developed new automated shipboard analytical method for determining iron(III) in seawater based on a combination of selective column extraction using a quinoline-8-ol immobilized chelating resin and chemiluminescence determination with luminol, aqueous ammonia and H2O2. With 18 ml of a seawater sample, the detection limit was found to be 0.05 nM.
Sub-nM amounts of iron were determined by using an FIAchemiluminescence procedure with matrix elimination/preconcentration on a quinoline-8-ol immobilized resin column. 69 One analytical cycle took about 3 min, and the RSD was found to be 3.2% (n = 5). 2·9·2 Determination by the formation of metal-quinoline-8-ol complexes Kyaw et al. 70 have observed an enhancement in the chemiluminescence emission when an iron(III) complex of quinoline-8-ol was mixed with a reversed micellar solution of cetyltrimethylammonium chloride in chloroform-cyclohexane (6:5)-water (1 M NaOH) containing luminol and H2O2. As low 521 ANALYTICAL SCIENCES MAY 2002, VOL. 18 Four organotin compounds, i.e. di-n-butyltin dichloride (DBTC), diphenyltin dichloride (DPTC), tri-n-butyltin chloride (TBTC) and triphenyltin chloride (TPTC), were determined in the presence of an acetonitrile solution of quinoline-8-ol and its derivatives in a flow-injection system chemiluminescence detection with bis(2,4,6-trichlorophenyl) oxalate and hydrogen peroxide. 71 The linear calibration range and detection limits were better with 2-methyl-quinoline-8-ol compared to other compounds tested with all four organotin compounds. These values were 0.5 -50, 0.5; 5 -100, 1.25; 25 -1000, 25 and 100 -1000, 100 for DBTC, DPTC, TBTC and TPC, respectively. The detection of both TBTC and TPTC with this system requires further improvements.
FIA chemiluminescence detection has been used for the determination of Al, Zn, Cd and In formed by complexation with quinoline-8-ol and excited by a chemiluminescence reaction of bis(2,4,6-trichlorophenyl) oxalate and H2O2. 72 The highest chemiluminescence intensity was obtained at pH 7 with 1,4-dioxane used as a solvent. The detection limits of the above-mentioned metal-ions were in the range of 20 -70 ppb.
Future Scenario for Preparing Functionalized Materials Using Quinoline-8-ol for On-line Preconcentration in Flow Systems
Quinoline-8-ol functionalized materials are prepared by i) physical sorption on an inert support and ii) chemical bonding of the quinoline-8-ol functional group moiety on inert supports. The latter approach is more promising (as is clear from our earlier review article 16 on off-line preconcentration with quinoline-8-ol and its derivatives) because it is sturdy (stable even after reported runs) and provides better detection limits, precision and reliability.
Recently, Diressen et al. 73 described 3 schemes (Schemes 3 -5) for the synthesis of quinoline-8-ol functionalized resins during the development of an off-line preconcentration procedure for trace metals.
Palmitoyl quinoline-8-ol functionalized Amberlite XAD-2 copolymer resin 74 was prepared as per Scheme 6, and has been used for the off-line preconcentration of gallium. The use of chemically modified quinoline-8-ol functionalized materials 16 using activated carbon, naphthalene, silica and silica gel, glass beads, cellulose, polyurethane foam and polymer supports opens up wideranging solutions to critical analytical problems that arise during the determination by FIA in conjunction with atomic and molecular spectrometric detectors.
Looking to future prospects concerning the preparation of functionalized materials is the preparation of molecular imprinted polymers is interesting. 75, 76 These materials are likely to enhance the selectivity while retaining the enrichment factors.
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